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ABSTRACT
Between May 2016 and September 2018, the intermediate polar (IP) FO Aquarii exhib-
ited two distinct low states and one failed low state. We present optical spectroscopy
of FO Aquarii throughout this period, making this the first detailed study of an ac-
cretion disc during a low state in any IP. Analysis of these data confirm that the low
states are the result of a drop in the mass transfer rate between the secondary star
and the magnetic white dwarf primary, and are characterised by a decrease in the
system’s brightness coupled with a change of the system’s accretion structures from
an accretion disc-fed geometry to a combination of disc-fed and ballistic stream-fed
accretion, and that effects from accretion onto both magnetic poles become detectable.
The failed low state only displays a decrease in brightness, with the accretion geome-
try remaining primarily disc-fed. We also find that the WD appears to be exclusively
accretion disc-fed during the high state. There is evidence for an outflow close to the
impact region between the ballistic stream and the disc which is detectable in all of
the states. Finally, there is marginal evidence for narrow high velocity features in the
Hα emission line during the low states which may arise due to an outflow from the
WD. These features may be evidence of a collimated jet, a long predicted yet elusive
feature of cataclysmic variables.
Key words: accretion, accretion discs – binaries: eclipsing – stars: magnetic field –
novae, cataclysmic variables – stars: oscillations – X-rays: binaries
1 INTRODUCTION
1.1 Cataclysmic variables
Intermediate polars (IPs), which are a class of cataclysmic
variable (CV) that contain a weakly magnetic white dwarf
(WD) primary and a low mass companion, are key objects
for probing accretion flows in magnetic fields due to accre-
tion geometries which occur in these systems. There are
currently thought to be three distinct accretion modes in
IPs - a “disc-fed” mode, a “stream-fed” mode, and a “disc-
overflow” mode. In the “disc-fed” mode, an accretion disc
forms around the WD primary but is truncated where the
magnetic pressure overcomes the ram pressure in the disc.
? Contact e-mail: kennedy.mark@manchester.ac.uk
Material then rises out of the orbital plane and follows “ac-
cretion curtains” to the closest magnetic pole (Rosen et al.
1988). “Stream-fed” systems lack a viscous accretion disc,
and the accretion stream from the secondary directly im-
pacts the WD’s magnetosphere. A fraction of the stream
couples to the WD’s field lines and accretes, while the re-
mainder can form a non-Keplerian ring of diamagnetic blobs
around the WD, providing an additional source of accreting
material (Hameury et al. 1986; King 1993; King & Wynn
1999; Hellier & Beardmore 2002). The third mode, called
“disc-overflow”, involves both of these processes, where the
WD is fed by material from the disc and the stream at the
same time (Lubow 1989; Armitage & Livio 1996). These
three accretion modes give rise to various signatures in the
optical and X-ray light curves of IPs (Wynn & King 1992;
Ferrario & Wickramasinghe 1999). The dominant power in
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the power spectrum of an IP can be at the spin frequency
of the WD (ω), the beat frequency of the system (ω − Ω;
where Ω is the orbital frequency), or a combination of both
of these signals and their harmonics, depending on the ac-
cretion mode.
Complications in the study of these systems arise from
the existence of low states. Several IPs have been observed to
exhibit fading by up to 2 magnitudes at optical wavelengths.
These low states are thought to be related to a decrease in
mass transfer from the secondary (the low mass companion)
to the primary (the WD), potentially caused by the transit
of a starspot across the L1 point on the secondary’s surface
(Livio & Pringle 1994). Such low states have been seen in
the optical light curves of many IPs, but until recently, none
have been studied in real time as the only low states have
been identified after the events had ended (Garnavich &
Szkody 1988).
The lack of any studies of an IP during a low state is
unfortunate, as spectroscopic observations of an IP during
a low state could reveal parameters about the system which
are difficult to determine when a high rate of accretion is
occurring. For example, the secondary star may become de-
tectable in the optical spectrum if the accretion structures
fade sufficiently, allowing for the secondary stars radial ve-
locity curve to be measured, which in turn may lead to limits
on the primary WD mass. Additionally, if accretion in an IP
ceases completely during a low state, then Zeeman splitting
of lines in the optical spectrum due to the WDs magnetic
field may become measurable, allowing for a direct measure-
ment of the WDs magnetic field strength (Warner 2005).
Finally, spectroscopic observations during a low state
can answer questions about how the accretion structures re-
spond to a rapid decrease in the mass transfer rate which,
theoretically, should have a detectable effect on the accre-
tion geometry, as the ram pressure in the accretion disc and
ballistic stream plays a large role in dictating where the in-
falling material attaches to the WDs magnetic field.
1.2 FO Aquarii
FO Aquarii (hereafter FO Aqr) has had a long history of ob-
servations since its discovery in 1979 (Marshall et al. 1979).
It is considered the archetype of IPs due to its large am-
plitude and coherent optical and X-ray pulsations at 20.9
mins. The cause of the 20.9 min modulation in the opti-
cal light curve has been attributed to the changing viewing
angles of a rotating accretion curtain. This same type of
modulation has also been detected in the X-ray light curve
of FO Aqr (Evans et al. 2004), confirming this period as the
spin period of the WD. The spin period has varied over the
course of the last 40 years - initially this period was found
to be increasing (Shafter & Targan 1982; Shafter & Macry
1987), but by the end of the 1980s it was found to have
stabilised (Steiman-Cameron et al. 1989). Then in the mid
1990s, the value of ÛP flipped, and the period was found to be
decreasing (Kruszewski & Semeniuk 1993; Patterson et al.
1998; Williams 2003). In the last few years, measurements
have suggested that the system was approaching another
critical point, and that the sign of ÛP was again about to
change (Kennedy et al. 2016). New observations in combi-
nation with archival photometry of the system have now
confirmed that the WD has been spinning down since late
2014 (Littlefield et al. 2019).
The orbital period was first recorded by Patterson &
Steiner (1983) to be 4.85 h, while the most precise measure-
ment of the orbital period to date is 0.20205976 d (Marsh
& Duck 1996). A spectroscopic eclipse (that is, a decrease
in the flux observed in emission lines) was first proposed by
Hellier et al. (1989). This spectroscopic eclipse was used as
evidence that a grazing eclipse of the outer edges of the ac-
cretion disc occurs in FO Aqr. However, this proposed spec-
troscopic eclipse of various emission lines was subsequently
subjected to much debate (Martell & Kaitchuck 1991; Mukai
& Hellier 1992), before being ruled out by Marsh & Duck
(1996). The light curve of the source does show a distinct
minimum, which has been called the photometric eclipse in
literature. The existence of this photometric eclipse, which
was firmly established by Kennedy et al. (2016), has led
to a widely adopted inclination of 65° for the system. To
date, there has been no measurement of the mass or spec-
tral type of the secondary star in the system. The mass ratio
is assumed to be close to 0.4 based on observations of the
secondary stars in all known CVs (Knigge et al. 2011).
In the decade following its discovery, there was signifi-
cant debate surrounding whether FO Aqr was a pure “disc-
fed” accretor (Hellier et al. 1990), a pure “stream-fed” accre-
tor (Norton et al. 1992), or a “disc-overflow” system (Hellier
1993). Recently, it was found that the system shows peri-
ods of both pure “disc-fed” accretion and periods of “disc-
overflow” accretion, based on the strength of both the spin
and beat frequencies in the power spectrum of data taken
using the Kepler space telescope (Kennedy et al. 2016). Fig-
ure 1 shows a schematic of the system expected at orbital
phase 0 (during the eclipse) assuming an inclination of 65°.
In the time periods 1923-1953, and 1979-2016, the sys-
tem was observed to exclusively occupy a bright high state
(pre-discovery observations were from the Harvard Plate
Collection; Garnavich & Szkody 1988). Recently, it has been
discovered that FO Aqr went through several low states be-
tween 1953 and 1979 through the study of the APPLAUSE
photographic plates (Littlefield et al. 2019). These low states
have gone unnoticed until now.
In 2016, the system was found to be in another low
state (Littlefield et al. 2016). The importance of this low
state is that it was identified as it was occuring, allowing
for detailed observations of the system. Extensive optical
photometry and X-ray observations of this low state and its
subsequent recovery were carried out which suggested that
the low state was caused by a severe drop in the accretion
rate, which led to the depletion of the accretion disc in this
system (Littlefield et al. 2016; Kennedy et al. 2017). The
most interesting aspect of the low state was the change in
which signal was most prominent in the power spectra of the
optical and X-ray light curves. The light curve was no longer
dominated by the spin period of the WD or beat period of
the system, but rather by a signal at half the beat period,
11.2 mins, suggesting that during the low state, we were
able to see accretion on to both magnetic poles of the WD.
Hameury & Lasota (2017) have suggested that the accretion
disc disappeared entirely during the deepest part of the low
state. Littlefield et al. (2019) find circumstantial evidence
of disc dissipation in optical photometry but conclude that
further theoretical work is necessary to predict photometric
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Figure 1. A schematic of what FO Aqr is thought to look like
when in its regular high state during the grazing eclipse. Material
leaves the secondary (solid, dark red), follows the ballistic stream
(black) to the accretion disc. The green lines show material which
“overflows” the disc and couples directly to the magnetic field of
the WD. The inner part of the disc is truncated by the WDs
magnetic field, and material begins to follow accretion curtains
(shown in blue) onto the surface of the WD (grey). Here, we’ve
adopted a mass ratio of q = 0.4 and an inclination of 65°. The
blue circle around the WD denotes the WDs Roche lobe. Note
that the sizes of the components are not to scale.
behaviours that distinguish discless accretion from stream-
overflow accretion. Towards the end of 2016, FO Aqr entered
into a recovery state, where the behaviour of its optical light
curve matched that of its usual high state behaviour, but its
X-ray flux was still fainter than usual (Kennedy et al. 2017).
In August 2017, FO Aqr began to rapidly fade again
(Littlefield et al. 2017). Unlike the 2016 low state, during
which FO Aqr faded to a V band magnitude of 15.6, the
2017 low state only faded to a V-band magnitude of 14.7
and remained there until the end of that year. Detailed anal-
ysis of optical photometry is discussed in detail in Littlefield
et al. (2019). During the first few months of 2018, FO Aqr
seemed to have recovered from the 2017 low state and was
hovering about 14.0 mag until, in May 2018, it faded by 0.4
mag (Littlefield et al. 2018, 2019). This event was thought
to be the beginning of another low state. However, the light
curve never faded more than this, and time series analysis
show that the beat signal was dominant below V∼14, and
the spin was dominant whenever the system was brighter
than this. This low state, which lasted for 5 months, is re-
ferred to as a failed low state for the duration of this paper
due to the lack of a strong signal at the half beat period
and the shallow depth of this event compared to the mean
magnitude of FO Aqr during its regular high state.
In this paper, we present optical spectroscopy taken of
FO Aqr during various states since 2016. Section 2 discusses
the telescopes and intruments used. Section 3 presents the
data, and introduces the various techniques used to interpret
each data set. Section 3.1 focuses on data taken during the
2016 low state, Section 3.2 focuses on data taken during the
systems recovery in late 2016, and Section 3.3 discusses the
data taken during the 2017 low state and the 2018 failed low
state. Section 4 compares the spectral shape and emission
line behaviour between all the states, alongside a discussion
regarding the condition of the accretion disc throughout the
various states and potential evidence for detection of an out-
flow during the low state. Finally, Section 5 summarises our
conclusions
2 OBSERVATIONS
Figure 2 shows the daily median magnitude of FO Aqr be-
tween 2016 and 2019, alongside the nights during which the
spectra described below were taken.
2.1 MDM
Spectra of FO Aqr were obtained during the 2016 low state
using the 2.4 m Hiltner Telescope of the MDM (Michigan-
Darthmouth-MIT) Observatory on Kitt Peak. A total of 61
spectra were obtained using the Ohio State Multi–Object
Spectrograph (OSMOS) on 2016 July 10, 11, 26, and 29
UT. The blue VPH grism was used with the inner position
1.2′′ wide entrance slit yielding spectra that cover the range
3980–6860 A˚ at a dispersion of 0.7 A˚/pixel and a spectral
resolution of about ∼3.4 A˚. The exposure times were 120 s.
The data from July 29 were of particularly poor quality due
to heavy clouds throughout the night, leading to very poor
S/N in several emission lines. The detector bias was first re-
moved from all the data using the overscan regions of each
of the four readout quadrants and then trimmed. Pixel–to–
pixel variations in response (flatfield correction) were re-
moved using the continuous spectra of a quartz–halogen
lamp. The combined one dimensional sky–subtracted spec-
tra were then extracted from the two dimensional frames.
The spectra were wavelength calibrated using a combina-
tion of HgNeArXe lamps obtained in the afternoon before
nighttime observations and during the night as well. Relative
flux calibration was achieved by exposures of the standard
stars BD+33 2642, BD+25 3941, and Feige 110 obtained
during the night using the same instrument configuration as
the spectra of FO Aqr.
2.2 Nordic Optical Telescope
84 spectra of the 2016 low state were also obtained using
the Andalucia Faint Object Spectrograph and Camera (AL-
FOSC) on the 2.5m Nordic Optical Telescope (NOT) on
2016 July 16. ALFOSC was operated in spectro-long-slit
mode with grism # 19, and the CCD was binned 2x2 to
reduce the readout time to 9s. The spectra cover the range
4363-6980 A˚ at a dispersion of 1.2 A˚/pixel with a spectral
resolution of about ∼5.8 A˚. Each exposure was 40s long. The
spectra were wavelength calibrated using He /Ne arc lamp
exposures taken directly prior to and after the science data
exposures. Flux calibration was carried out using exposures
of the standard star Feige 110.
We also obtained spectra of FO Aqr during the 2017
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Figure 2. The light curve of FO Aqr between 2016 and the beginning of 2019. Times when spectra were taken using the MDM telescope
(blue), NOT (orange), WHT (red), and LBT (green) are marked. The data are a combination of the daily median magnitude of FO Aqr
as recorded by observers from the American Association of Variable Star Observers (AAVSO) and from ASAS-SN (Shappee et al. 2014;
Kochanek et al. 2017). The grey outline around the points shows the standard deviation of the magnitudes used to compute the daily
magnitude value, while the grey verticle regions mark the 2016 low state, 2017 low state, and 2018 failed low state. The gaps in the data
occur when FO Aqr is too close to the Sun to observe.
low state on the night of 2017 Sept 18, starting at 22:16:13
(UTC) and lasting for 4 hours. These data were taken when
FO Aqr was entering another low state (as detailed in Lit-
tlefield et al. 2017). For these observations, the spectra were
again taken using the ALFOSC instrument but using grism
# 17, which only covers the range 6330-6870 A˚ with a disper-
sion of 0.26 A˚/pixel. Each exposure was again 40s long, and
the data were wavelength calibrated using Ne /Th Ar arc
lamp exposures taken prior to and after the science expo-
sures. The wavelength calibration was found to be accurate
to within 1A˚ for all data by checking the wavelengths of sky
lines through out the science exposures.
An additional set of spectra were obtained on the night
of 2018 July 24, starting at 23:35:38 (UTC) and lasting for
4.5 hours. These data were taken when FO Aqr was entering
a shallow low state (Littlefield et al. 2018), which we call a
“failed” low state for reasons which will be explored later in
the paper. These observations were taken using the same set
up as used for the 2017 spectra, and with an exposure time
of 40 s.
2.3 William Herschel Telescope
FO Aqr was also observed on the night of 2016-08-10 using
the Intermediate dispersion Spectrograph and Imaging Sys-
tem (ISIS) mounted on the 4.2m William Herschel Telescope
(WHT). ISIS is a dual arm long split spectrograph, allow-
ing for a wide spectral coverage. For these observations the
spectra cover a wavelength range of 3700 A˚ to 5250 A˚ in the
blue arm with a dispersion of 0.44 A˚/pixel, and from 6170
A˚ to 6940 in the red arm with a dispersion of 0.23 A˚/pixel.
Each exposure was 50s long. Since the blue and red arms are
not synchronised, the number of spectra taken by each arm
differs. There were a total of 263 spectra obtained using the
blue arm, and 271 using the red arm. Unfortunately, these
spectra could not be flux calibrated due to the lack of ob-
servations of a flux standard on the same night. The results
presented in this paper are based on the normalised spectra
and (in the case of the timing section) continuum-subtracted
spectra.
2.4 Large Binocular Telescope
The Large Binocular Telescope (LBT) observed FO Aqr us-
ing the Multi Object Double Spectrograph (MODS; Pogge
et al. 2010) on 2016 Oct 31, during the systems 2016 recovery
state. The term“recovery state’ arises due to the results from
Kennedy et al. (2017), in which it was found that the X-ray
flux from FO Aqr was still a factor of 3 lower in October 2016
than its usual high state value. This low X-ray flux suggests
that the system had not fully recovered from the preceding
low state by the time of the LBT observations. Both instru-
ments were taking data simultaneously, with MODS1 using
the SX (left-hand side) mirror and MODS2 using DX (right-
hand side) mirror. The start time of both instruments was
not synchronised. MODS1 and MODS2 are near-identical
in their response and function. In dual grating mode, they
cover the wavelength range from 3200 A˚ up to 1µm, with
a dichroic separating the light into blue and red channels.
Both arms had a dispersion of 0.5 A˚/pixel.
A 0.8′′ segmented long slit was used. The exposure time
of each spectrum was 60s, and a total of 100 spectra were
taken with each instrument, giving 200 spectra in total. The
readout time of the red channel on the MODS instruments
is faster than on the blue channel, meaning the red set of
spectra finished before the blue set, leading to a slightly
different time coverage in the separate channels. The spectra
were taken when there was significant cloud coverage visible
across the sky, which can be seen as variations of the median
flux of the source between sequential exposures.
MNRAS 000, 1–19 (2019)
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3 ANALYSIS
We will first show all of the data and discuss the techniques
used to create the various plots within the next section. The
sub-sections following this will discuss each data set indepen-
dently, starting with the 2016 low state (Section 3.1), then
the 2016 recovery state (Section 3.2), and finally a joint dis-
cussion on the 2017 low state and the 2018 failed low state
(Section 3.3). Section 4 will compare the changes between
these states. In all cases, the optical spectra were reduced
using tasks in Pyraf and Iraf 1.
The average spectrum of the 2016 low state taken using
the MDM telescope on the night of best weather conditions
(2016 July 10) is shown in Figure 3, alongside the average
of the 2016 low state NOT and 2016 recovery state LBT
observations. The LBT spectra were taken 3 months after
the MDM and 2016 NOT spectra. At this scale, the two most
obvious differences between the average spectrum in the low
state (NOT/MDM) and during the recovery state (LBT)
is the level and shape of the continuum. Figure 3 clearly
shows that the continuum level of the average spectrum was
significantly lower during the low state than in the recovery
state.
Orbital Variation
To better see the structure of the individual lines, we trailed
the spectra taken during each observation (see Figure 4 for
Hα, Figure 5 for He i 6678A˚, and Figure 6 for He ii 4686A˚).
The 2017 NOT and 2018 NOT data are only shown in the
Hα and He i panels as the spectral range of these data cov-
ered 6330-6870 A˚. All data were phased using the orbital
ephemeris of
T(BJD) = 2456982.2278(8) + φ ∗ 0.20205976 (1)
where φ is the orbital phase, and with φ = 0 is the time
of minimum light in the optical light curve.
Spin & Beat variations
To study which periods were dominant during each spec-
troscopic observation of FO Aqr, the Lomb-Scargle peri-
odogram (Lomb 1976; Scargle 1982) of each wavelength of
the spectra (after continuum subtraction) for every observa-
tion was taken. These spectrograms (periodograms a func-
tion of wavelength) for wavelength ranges around the Hα,
He i, and He ii lines for several different observations are in
Figure 7.
The combination of these periodicities present in each
line makes the creation of trailed spectra folded on any one
period very difficult to interpret, as any folded spectra will
be contaminated by the other signals present within the line.
While the spectrogram is useful in establishing the time
scale for variations within the lines, it is incapable of answer-
ing whether the periodicities arise due the flux from all of
1 Iraf is distributed by the National Optical Astronomy Ob-
servatory, which is operated by the Association of Universities
for Research in Astronomy (AURA) under cooperative agreement
with the National Science Foundation
the line increasing and decreasing over that time scale, or
if there are individual components in the lines which have
constant flux but move from positive to negative velocities.
To answer which of these behaviours is giving rise to the
periodicities detected in the periodograms, the ratio of flux
at negative velocities compared to the flux at positive veloc-
ities (with respect to the line centre) for each spectrum was
computed. Hereafter this is referred to as the V/R ratio. A
Lomb-Scargle periodogram was then calculated for the V/R
values for different accretion states. These periodograms are
shown in Figure 8.
Before proceeding further, it is useful to discuss which
accretion geometries are expected to produce distinct sig-
nals in the spectrograms and in the periodogram of the V/R
ratio. In the following, we assume a single accreting pole
is detectable (for two accreting poles, the discussed periods
should be halved), and that material in an accretion disc
couples to the WDs magnetic field, creating an accretion
curtain. We also define orbital phase 0 to be when inferior
conjunction of the secondary occurs.
If the emission is coming from the region where the
accretion disc is being truncated by the WDs magnetic field,
then the resulting accretion curtains will produce a signal at
the WD spin period in the spectrogram. This is due to the
visible area of the curtain changing as it rotates causing a
periodic change in the brightness of the source. It should
also produce a signal at the spin period in the V/R ratio
as the observed velocity of the material will vary over the
spin period, with the emission reaching maximum blue shift
when the magnetic pole is pointing away from us, such that
material in the curtain is flowing towards us.
Alternatively, the emission could be coming from peri-
odic heating of a fixed structure in the binary (for example
the inner face of the secondary star or the bright spot on the
edge of the accretion disc) by X-rays generated at the ac-
creting pole of the WD. There should then be a signal in the
spectrograms with period equal to how often the accreting
pole sweeps across this area, which will be the beat period of
the system. If this is the cause of the emission, there should
not be any signal in the periodograms of the V/R ratio, as
there is no change in material flowing towards or away from
the observer over the beat period.
If material is coupling directly between the ballistic
stream and the WDs magnetic field, the picture becomes
more complicated. We would definitely expect a signal at
the beat period of the system in the spectrogram. However
it is not clear what signal, if any, should be present in the
V/R ratio. Between orbital phases 0.2 and 0.7, the coupling
point should be on the far side of the orbit from an observer
on Earth, meaning any material which is following field lines
from the connection point towards the magnetic pole will be
blue shifted, with maximum blue shift reached around phase
0.45 (assuming the connection point leads the secondary star
by 0.05 in orbital phase). For orbital phases 0.7 to 1.2, the
material following any field lines will be flowing away from
us, producing red shifted emission. This should mean the
V/R ratio is modulated at the orbital period. However, there
may also be power at shorter periods, depending on the ra-
dial and azimuthal extent of the region which channels the
accretion.
MNRAS 000, 1–19 (2019)
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Figure 3. The average spectra taken by the MDM (blue), NOT (orange), and LBT (black) telescopes. Both the MDM and NOT spectra
were taken during the 2016 low state, while the LBT spectra were taken in October 2016, during the systems subsequent recovery. The
Balmer series of H lines have been marked up to Hη, while the visible Paschen series lines have all been marked with a P. The absorption
features at 6900, 7200, 7600, 8200, and 9600 A˚ are telluric features. The weak absorption features are interstellar in origin.
Doppler Tomography
Finally, several of the following data sets were used to cre-
ate Doppler tomograms. Doppler tomography is a method of
constructing approximate images of accretion structures in
velocity space by modelling the evolution of a given emission
line over a defined period, and was first pioneered by Marsh
& Horne (1988). Here, we use the tools developed by Kotze
et al. (2015), which rely on code created by Spruit (1998).
We create both typical tomograms, where low velocity ma-
terial lies towards the middle of the tomograms and is not
well resolved, and inverted tomograms, where low velocity
material lies towards the outer extents of the tomograms
and structure is more readily identifiable.
3.1 2016 Low State
3.1.1 The optical magnitude of the secondary star
There are no signs of spectral features from the secondary
star in any of the individual spectra, or in the average spec-
trum. Given the long orbital period of FO Aqr (4.8 hr), the
mass ratio is expected to be close to 0.4 (Knigge et al. 2011).
Assuming that the WD in FO Aqr has a mass of 0.87 M
(comparable to the median mass of WDs in CVs; Zorotovic
et al. 2011) then the secondary in FO Aqr should have a
mass of 0.35M. If this star is a main sequence star, then
it should be of the M2-M4 spectral type, and have an ab-
solute magnitude between 7-9. Recently, the parallax of FO
Aqr was accurately measured by the Gaia space telescope
(Brown et al. 2018), which places the system at a distance
of 514+40−15 pc from Earth. This distance combined with the
expected absolute magnitude of the secondary suggests that
the apparent magnitude of the companion should be between
17-18. This is 2 magnitudes fainter than the magnitude of
the source during the faintest epoch observed, suggesting
that the spectrum was still being dominated by the accre-
tion structures present during the low state.
3.1.2 Orbital Behaviour
The trailed spectra show complex behaviour in each of the
emission features during the low state. This is particularly
true for Hα. The trailed spectra from 2016-08-10 show at
least 3 distinct components which are distinguishable around
φ ∼ 0.25 - a broad component moving with low velocity
around the core of the emission line, and 2 narrow compo-
nents on either side. These components are also visible in
the other spectra taken during the 2016 low state, and also
in the trailed spectra of He i, meaning these emission fea-
tures must be arising in the same place in the binary for
both lines.
The wide component, when visible, traces a near S-wave
pattern in the trailed spectra. This component is visible in
spectra taken during the high state, and has been associated
with emission from the secondary star, hot spot, or threading
region within the system (Hellier et al. 1990; Marsh & Duck
1996). Additionally, the high state spectra show a strong
S-wave absorption feature alongside the main emission com-
ponent (see Plate 1 of Hellier et al. 1990 and Figure 8 of
Marsh & Duck 1996). While not as obvious in our data, this
component is still present, as highlighted by the blue-to-red
moving absorption component visible at phase 0.75 in the
trailed spectra of He i taken on 2016-08-10. This is the same
orbital phase at which both Hellier et al. (1990) and Marsh
& Duck (1996) reported seeing the strongest absorption in
the line.
The shape of He ii 4686 A˚ is simpler, with a single strong
S-wave emission component visible in the trailed spectra
during the low state, moving from close to 0 km s−1 to pos-
itive velocities (red shifted), reaching maximum red shift
around φ ∼0.3 followed by a maximum blue shift just before
φ ∼0.7. The behaviour over the 4.8 hr orbital period is the
same as in the trailed spectra shown in Hellier et al. (1990)
and Marsh & Duck (1996), with their data showing the same
maximum red shift close to orbital phase 0.3 and maximum
blue shift close to orbital phase 0.7. However, the emission
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Figure 4. The trailed spectra of Hα. The data were phased using the ephemeris given in the text. The data from 2018-07-29 is of
significantly poorer quality than the other data. The data from 2016-07-10, -11, -16, -26, and -29 were all taken during the 2016 low
state, while the data from 2016-10-31 were taken when the system has returned to its normal optical magnitude of ∼ 13.6. There are
obvious pulsations in each set of data, albeit at different periods (see Figure 7 and Figure 8). The data from 2017-09-18 were taken from
the second low state in 2017, and the features in the trailed spectra match those from the 2016 low state remarkably well. The final
trailed spectrum from 2018 were taken when FO Aqr was believed to be entering another low state. The data have been repeated over
orbital phase for clarity.
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Figure 5. The same as Figure 5, but for He i 6678 A˚. The data from 2016-07-29 has been severely affected by clouds, making detection
of the line difficult. Data has been repeated over an orbital phase for clarity. Scaling is in normalised flux, which is why the data from
2016-10-31 (when the continuum was significantly stronger) is much fainter.
component which moves rapidly from blue-to-red and red-
to-blue over a period of ∼ 20 min seen in Figure 9 of Marsh
& Duck (1996) is not obvious in the low state data.
3.1.3 Doppler Tomography
Systemic Velocity
One of the requirements for creating accurate tomograms
is a measurement of a systems systemic velocity (γ) as an
incorrect γ can introduce artefacts into tomograms. Previous
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Figure 6. The same as Figure 6, but for He ii 4686. There are no data from 2017 or 2018 as the grating used in these observations has
a very narrow spectral range of 6330-6870 A˚.
attempts to measure γ for FO Aqr have been restricted by
the multiple components visible in trailed plots of Hβ.
Here, we took the He ii 4686A˚ emission line, which has
a single strong S-wave component, and constructed tomo-
grams for a variety of systemic velocities, with the aim of
minimising the residuals when the observed trailed spectra
are subtracted from the model trailed spectra generated by
the best fitting tomogram. We find that a systemic velocity
of γ = −110 km s−1 gives the best results with equal residu-
als in both negative and positive velocities, with an error of
approximately 20 km s−1. The residuals can be seen in lower
right plot of Figure 9.
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Figure 7. Spectrogram of 3 emission lines during various different states observed in FO Aqr. The far left column shows data from
2016-08-10 (low state), the middle left column shows data from 2016-10-31 (recovery state), the middle right column shows data from
2017-09-18 (low state), and the right column shows data from 2018-07-24 (failed low state). Top row shows data for Hα, middle row
shows data for He i λ 6673, and the bottom row shows data for He ii λ 4686. The spin period and its second harmonic have been marked
with solid grey lines, while the beat period and its second harmonic have been marked with a dashed grey line.
3.1.4 Tomograms
Doppler tomograms were then generated for Hβ, He i, and
He ii using a γ = −110 km s−1. The results are shown in
Figure 9 with the binary system overlay calculated assuming
an inclination of 65°, a mass ratio of 0.4, and a primary mass
of 0.87 M.
Care must be taken when interpreting these tomograms
as there are several periods shorter than the orbital period
which affect the trailed spectra (mainly the beat and spin pe-
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Figure 8. The Lomb-Scargle periodograms of the V/R values for Hα (first row), He i λ 6678 A˚ (second row), and He ii λ 4686 A˚ (third
row). The spin period and half-spin period are marked with solid grey lines, while the beat period and half-beat period are marked with
a dashed grey line. The highest peaks in these periodograms indicate the dominant periods at which the ratio of the flux at high and
low velocities relative to the line centre changes.
riods). As pointed out in Marsh & Duck (1996), the best way
to analyse Doppler tomograms in the presence of shorter pe-
riods is to make Doppler tomograms at particular phases of
one of the shorter periods. In their case, they created tomo-
grams for several different values of the beat-phase, allowing
them to create a “stroboscopic” view of the system. Such a
detailed analysis on the spectra presented here is challeng-
ing, as the data only cover a single orbit, and the signal that
dominates each line is not clear (as seen in Figure 7 in which
Hα and He i have power at both the spin and beat periods,
depending on which part of the line is investigated).
Due to the location of the emission in the tomograms
and the modulation of their data at the beat period of the
system, Marsh & Duck (1996) concluded that the observed
emission was being caused by periodic illumination of both
the inner face of the secondary star and the ballistic stream
by the accreting poles of the WD.
The tomograms presented here suggest a similar ori-
gin for the He ii emission during the low state - periodic
illumination of the ballistic stream and the heated face of
the secondary star, albeit at the half-beat period rather
than the beat-period. This is best seen in the inverted to-
mogram, which shows the He ii emission originates from a
region which is azimuthally extended around the secondary
star and stream, and has a large radial extent.
The reconstructed spectra of both Hβ and He i contain
valuable information regarding the line behaviour. In both of
these lines, the reconstructed spectra show a broad emission
component centred on 0 km s−1 velocity alongside an S-
wave absorption component which reaches maximum blue
shift at phase 0.5 and maximum red shift at phase 1, which
is completely lacking from the He ii spectra. This feature is
also visible in the trailed spectra of Hβ given in Figure 8 of
Marsh & Duck (1996) with exactly the same behaviour.
The inverted Doppler tomograms of these lines show
evidence for the presence of a ring of material in the system,
with an absorption dip occurring where the predicted bal-
listic stream crosses this ring (located at approximately at
165°).
3.1.5 Short Period Behaviour
Along side the orbital modulation visible in the trailed spec-
tra, there are also short pulses which extend to much higher
velocities than the previously discussed S-wave components.
This is perhaps best seen at φ ∼ 0.75 in the He ii data
shown in Figure 6. Here the S-wave emission component
has a width of ∼200 km s−1, but the line itself extends from
−800 km s−1 to +800 km s−1.
A spectrogram of the continuum around Hα during the
low state is shown in Figure 10. The continuum is clearly
modulated at the spin period (PS) of the WD and at the
half beat period (0.5PB) of the system, with residual power
also at the beat period. This is consistent with optical pho-
tometry taken around these spectroscopic observations (Lit-
tlefield et al. 2016). However, in the blue wings of the Hα
emission feature, there is little power at half-beat and beat
periods, while there is a very clear signal at the spin period of
the WD. This is in stark contrast to the core of the emission
line, where the strongest signal is at the beat and half-beat
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Figure 9. Doppler tomograms generated for Hβ (left column), He i (centre column), and He ii (right column). The top row shows the
regular tomograms, the middle row shows the inverted tomograms, and the bottom row shows the observed spectra for the relevant
line, the reconstructed spectra after generation of the Doppler tomogram, and the residual spectra after subtraction of the reconstructed
spectra from the observed spectra. The position of the secondary star and ballistic stream are shown in black, and have been calculated
using the binary parameters given in the lower left of each of the tomograms.
periods. This is visible in the first panel of Figure 7, which
shows the spectrograms after continuum subtraction.
As noted in Section 3, these spectrograms can be used
to estimate which accretion mode was dominant during the
low state. Perhaps the most important line and most easily
interpreted for this purpose is He ii 4686 A˚. During the 2016
low state, the strongest period present in the spectrogram of
this line was at the half beat period (11.29 min), with power
also present at the beat period and no power at the spin
or half-spin periods. The V/R plot shown in Figure 8 shows
slightly different behaviour, with a very strong periodicity
located at the spin period of the WD and lower amounts of
power located between the half-spin and half-beat periods.
This suggests that during these observations, there was a
stationary component which showed varying flux levels with
a period equal to the half-beat period, and another compo-
MNRAS 000, 1–19 (2019)
Multi-state spectroscopy of FO Aqr 13
0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
Or
bi
ta
l P
ha
se
17.5
20.0
22.5
25.0
27.5
Ps
Pb
6480 6500 6520 6540 6560 6580 6600 6620 6640
Wavelength (Å)
9.5
10.0
10.5
11.0
11.5
12.0
Pe
rio
d 
(m
in
)
1
2Ps
1
2Pb
Figure 10. Top: Trailed spectra around Hα taken using the
WHT during the 2016 low state. Middle: A zoomed spectrogram
focusing on the spin period of the WD (PS) and beat period of the
system marked (PB). Bottom: A zoomed spectrogram focusing on
the half spin period of the WD (0.5PS) and half beat period of
the system marked (0.5PB).
nent which moved between negative and positive velocities
with a period equal to that of the spin period.
The combination of the spectrogram and V/R data sug-
gests a particular origin for this emission feature. The sta-
tionary, flux varying component is likely to arise due to pe-
riodic reflection off or heating of a structure which is fixed
in the binary rest frame - the bright spot at which the ballis-
tic stream intersects the outer edge of the disc, the coupling
point between this ballistic stream and the WDs magnetic
field (in a stream-fed model) or, if the secondary is being
significantly heated by the WD, then at the surface of the
secondary star facing the WD (referred to hereafter as the
inner face of the secondary). The component which led to
the large V/R signal at the spin period of the WD is likely
to come from close to the WDs magnetic poles. The fact
that the signal is at the spin period and not at the half spin
period suggests that only the accretion structures linked to
one of the magnetic poles is directly visible to the observer
over the spin period.
Interpretation of the Hα and He i spectrograms is far
more difficult due to the significant structure visible in both
the trailed spectra and in the spectrograms. Both lines show
pulsed emission at the spin period of the WD at blue wave-
lengths relative to the central wavelength, and both lines
also have power at the beat period at red wavelengths rel-
ative to the central wavelength. The V/R values for these
lines are both modulated at the WD spin period, suggesting
that the variability in this line is coming from the visible
accretion structures attached to one of the WDs magnetic
poles.
3.1.6 Accretion geometry
Analysis of the spectra taken during the 2016 low state chal-
lenges the conclusions that the dominant accretion mode
during this period was stream fed as proposed by both Little-
field et al. (2016) and Kennedy et al. (2017). The main con-
flict between the spectroscopy data and the photometry/X-
ray data lies in the spectrogram and V/R ratios for He ii.
For the reasons laid out in Section 3.1.5, the spectroscopy
suggests that the majority of He ii emission comes from il-
lumination of either the coupling region between the disc
and WDs magnetic field or from the heated inner face of
the secondary by accretion onto both poles. Additionally,
the spectroscopy suggests there is also a small amount of
emission produced by material which is in an accretion disc
and is coupling to the magnetic field, providing power at the
WD spin period in the V/R ratio.
As noted above, the absorption feature visible in He i
was present with the same orbital phase during the high
state, and has been attributed to absorption by material
which has been ejected from the orbital plane around the im-
pact region between the ballistic stream and the disc (Hellier
et al. 1990). This is consistent with the tomograms shown
in Figure 5, and helps support the proposition that an ac-
cretion disc was still present around the WD at the time
of these observations. Additionally, both Hα and He i lines
show power at the spin period of the WD. The analysis of
these data in combination with X-ray data taken during the
low state which showed that accretion onto the WD was
modulated at the half-beat period (Kennedy et al. 2017)
proves that FO Aqr was undergoing “disc-overflow” during
this low state.
The occurrence of “disc-overflow” accretion at this time
is unsurprising. At the lower accretion rates experienced dur-
ing this time relative to the preceeding high state, the outer
edge of the accretion disc (whose existence is hinted at in
the above) will have shrunk. This means that the ballistic
stream now penetrates further into the WDs Roche lobe
before encountering disc, giving the material more time to
expand vertically before encountering the disc. This, in com-
bination with the higher velocity achieved by this infalling
material and an increase in the radius at which the magnetic
field begins to dominate over the ram pressure of the disc,
will allow it to overflow the disc when it impacts the discs
outer edge.
3.2 2016 Recovery State
These spectra were taken after the system had recovered
from the low state to the typical high state optical magni-
tude. The reason for referring to this state as the “recovery”
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state is that X-ray observations taken shortly after these op-
tical spectra revealed that the system had still not fully re-
covered, suggesting there were still some difference between
the accretion rate during these observations time and the
typical high state accretion rate observed in previous works.
3.2.1 Orbital Behaviour
The trailed spectra of Hα, He i, and He ii during the recov-
ery state are very similar to the spectra shown in Hellier
et al. (1990) and Marsh & Duck (1996). This is particularly
obvious if the high contrast trailed He i plot in Figure 11 is
compared directly with the trailed spectra of Hβ shown in
Figure 8 of Marsh & Duck (1996) (here we’ve chosen the He i
4471 A˚ line as it has a higher S/N than the 6678 A˚ line).
The minimum flux of the component which shows maximum
blue shift at φ = 0.5 is lower than the local continuum level,
confirming that is not just the lack of an emission feature,
but rather an absorption feature, which moves back towards
the line centre between φ = 0.5 and φ = 0.0. Once the ab-
sorption component reaches the line centre (φ ∼ 0.76) an
absorption feature also becomes detectable at high veloci-
ties. From this, we conclude that there is a strong emission
component which spans from −500 km s−1 to +500 km s−1
that does not show much orbital variation, and an absorp-
tion component which moves with an S-wave like pattern
through the emission feature over the orbit. The emission
component also shows periodic flaring which extends to very
high positive velocities (> 1000 km s−1).
The behaviour of He i over the orbital period is very sim-
ilar to that seen in He i in the low state, where the full orbit
of data shows that the strong central emission component
moves very little over the orbital period, and an absorp-
tion S-wave moves through this line. This is perhaps best be
seen by comparing the strong absorption feature that can be
seen at centre of the line in both the middle-right plot and
bottom-left plot of Figure 5.
The Hα line during the recovery state shows little mo-
tion over the half-orbit of data which is presented, and is
dominated by pulsations. He ii shows an emission feature
which follows an S-wave that is in phase with the S-wave
observed in the low state and also in the data presented in
Marsh & Duck (1996).
3.2.2 Short Period Behaviour
The spectrograms of the data taken during the recovery state
(2nd column of Figure 7) are consistent with the emission
lines varying at the spin and beat periods of the system,
with very little power at shorter periods. This is supported
by the Lomb-Scargle periodograms of the V/R values for
each line (2nd column of Figure 8). The strongest periods
in these periodograms are not located at exactly the spin or
beat period, which is unsurprising given these observations
only lasted for 3.1 hr.
The individual pulsations are easily visible in each line,
and extend to very high velocities. In Figure 11, there are
clear periodic pulsations in the line which extend above ve-
locities of +1000 km s−1, and are anti-correlated with the
absorption feature which is seen out at these high velocities
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Figure 11. Left: Trailed spectrum of He i line plotted with a very
high contrast to better highlight the absorption component which
moves through the line. Right: He i profile at two different orbital
phases, showing the movement of the absorption component.
3.2.3 Accretion geometry
The combination of a signal at the spin period of the WD
in both the spectrogram of the He ii line and in the power
spectrum of its V/R ratio requires that there be a compo-
nent in the line which is moving from positive to negative
velocities at the spin period of the WD. This is likely an
accretion curtain formed from coupling between the accre-
tion disc and the WDs magnetic field. As such, we conclude
that the dominant accretion mode during the recovery state
was a disc-fed scenario. This is inline with X-ray observa-
tions taken around the time of these spectra (Kennedy et al.
2017).
3.3 2017 low and 2018 failed low States
While not as deep as the 2016 low state, the spectra obtained
during the two low states in 2017 and 2018 showed many of
the same properties as those obtained in 2016.
3.3.1 Orbital Behaviour
The trailed spectra of Hα and He i taken during the 2017 and
2018 low states match the behaviour of those taken during
the 2016 low state remarkably well, with the same compo-
nents visible in both the Hα and He i lines. Most impor-
tantly, the absorption component remained present in He i,
and was in phase with all of the previous data, suggesting
its location within the system had not changed. Figure 12
shows a Dopper tomogram generated using the Hα line dur-
ing the 2018 low state. The features in the tomogram are
identical to those seen in the tomograms of the Balmer and
He i lines in 2016.
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Figure 12. Doppler tomograms generated for Hα. Individual
plots are the same as those shown in Figure 9
3.3.2 Short Period Behaviour
Interpretation of the Hα and He i 2017 and 2018 spectro-
grams is difficult. In both years, both the Hα and He i show
pulsed emission at the spin period of the WD at blue wave-
lengths relative to the central wavelength, similar to the be-
haviour seen during the 2016 low state. However no power
is obvious at any shorter period.
During the 2017 low state, the V/R values for both emis-
sion lines (2nd column from the right in Figure 8) are far
more informative, showing very strong power at both the
spin and beat periods. There is also evidence for power at
the half-spin period in the V/R data for the Hα line. How-
ever, in 2018 (last column in Figure 8), the power spectra do
not have any power at the beat period of the system, with
the strongest peaks for both Hα and He i occurring at the
spin period of the WD.
3.3.3 Accretion geometry
The orbital behaviour of both the Hα and He i lines during
2017 low state bear more than a passing resemblance to the
spectroscopy obtained during the 2016 low state. Combined
with timing analysis of the Hα and He i, this suggests the
rather complex “disc-overflow” accretion geometry was once
again dominant during these observations.
During 2018, with no discernible power at the beat or
half-beat periods in the V/R plots for both lines, the accre-
tion disc was likely present and feeding the WD . This is
supported by photometry taken during this period, which
shows the strongest periodicity in the light curve was that
of the spin period (Littlefield et al. 2019). The lack of any
signal at the beat period of the system is the main reason
for assigning the “failed” low state label to this data, since
it does not match the low state behaviour observed in 2016
and 2017, or the recovery state behaviour seen in 2016.
4 COMPARISON OF STATES
4.1 The cooler optical spectrum
The average optical spectrum in the low and high states
have much in common. Most apparent is that both spectra
show the same ensemble of emission lines. The most substan-
tial difference between the two states is the spectral index,
which was measured by fitting a power law (Fλ ∝ λα) to
the average spectrum in each state. Historically, the spec-
trum in the high state shows a sharp, distinct rise at shorter
wavelengths with a spectral index of -2.3 (Shafter & Tar-
gan 1982; Martell & Kaitchuck 1991), and a UV spectrum
measured with the Hubble Space Telescope’s Faint Object
Spectrograph matches this rise. This composite optical/UV
spectrum has been fit with a composite model of two black
bodies, one with a temperature of 36000 K coming from
a small area that represents the WD, and another with a
temperature of 12000 K coming from a larger area which
dominates the optical spectrum and comes from a much
larger area than the hot component, suggesting this cooler
component is related to the accretion curtains (Chiappetti
et al. 1989; de Martino et al. 1999). In the recovery state,
the spectral index was found to be −(2.2 ± 0.1), consistent
with the value measured previously in the high state. The
low state spectrum has a much less pronounced, but still
distinguishable, rise towards shorter wavelengths, which is
characterised by the flatter spectral index (Fλ ∝ λ−(1.5±0.1)).
In the high state, the 12,000 K black body component
has been attributed to the temperature of the region where
the accretion curtains meet the WD. If this is true, then the
spectral index of the optical spectrum should vary over the
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spin period of the WD as this region passes into and out of
our line of sight. While the power law of the recovery state
(Fλ ∝ λ−2.2) is consistent with the value measured in the
high state, we cannot test if the spectral index varies over
this period as the data were taken through changing levels of
cloud cover, making the determination of the spectral index
from any individual spectrum challenging.
A decrease in the temperature or in the size of this
12,000 K region would lower the flux from shorter wave-
lengths substantially more than from longer wavelengths,
assuming the 36,000 K emission from the WD remains the
same. This is the most likely cause in the change in spectral
index between the high and low states. The decrease in either
temperature or size of this region is most likely related to
a reduced accretion rate, which would deplete the accretion
disc and reduce the density of the coupling region. During
future low states this may be investigated by obtaining UV
spectroscopy of the source alongside optical data.
4.2 Comparison of emission lines
The shapes and behaviours of the various emission lines in
the trailed spectra presented in this paper vary on a line-by-
line basis between the low, failed low, and recovery states.
In the low state, the Hα line has a complex, 3 compo-
nent appearance, and extends out to high red velocities of
approximately +1000 km s−1 and −1000 km s−1 respectively.
In the trailed spectra, no variations from shorter periodicites
are immediately obvious, but can be detected when the lines
are analysed using either a Lomb Scargle periodogram or by
measuring the change in flux at blue wavelengths over red
wavelengths versus time (the V/R ratio). In the recovery
state, the line is less extended (between ±500 km s−1 and
±700 km s−1 depending on the orbital phase), and pulsa-
tions within the line are very obvious.
The change in the extent of the emission lines in radial
velocity between the recovery state data and the low state
data here lends strong support to the theory that the main
accretion mode in FO Aqr was different in both states. Fer-
rario & Wickramasinghe (1999) predicted that for stream-
fed systems, emission lines should have very large radial ve-
locities due to the fact that we are seeing material follow
field lines at essentially free-fall velocity, while the radial ve-
locities of emission lines in a disc-fed system should be sig-
nificantly lower (see their Figure 3 and 4). Comparing the
recovery state data shown in Figure 4 with all of the other
panels in the same Figure shows that the Hα line in the
recovery state had a much narrower radial velocity extent
when compared to low state data.
The similarity of the lines (particularly Hα) between the
2016 low state, 2017 low state, and 2018 failed low state is
surprising as FO Aqr did not fade to the same degree during
2017 (minimum V band magnitude ∼14.7) and 2018 (mini-
mum V band magnitude ∼14.2) as it had in 2016 (minimum
V band magnitude ∼15.7). Photometry of the 2017 and 2018
states is discussed in detail by Littlefield et al. (2019).
Through out all of our observations, two components
consistently appeared, and were in phase across each epoch.
These two components are: i) the S-wave emission feature
seen in He ii which has the same amplitude and phasing in
both the low and high states; and ii) the S-wave absorption
component in He i. This means that either these two regions
Figure 13. Left: Time-resolved Hα emission from MDM taken
2016 July 10. An unsharp mask has been applied to the image
to reduce the brightness of the central emission. Note the slowly
varying features at −1000 km s−1 and +800 km s−1. Right: The
difference between the 2018 July NOT stacked spectrum and the
2016 August WHT spectral sequence. The residuals show slowly
varying high-velocity features during the 2018 low state.
are unaffected by any change in the mass accretion rate, or
any effects that occur during the deepest part of the low
states are short lived, with the lines quickly returning to
their standard behaviour.
4.3 Evidence for outflow in the low state
Bipolar outflows and jets are ubiquitous in accreting stellar
systems ranging from young stellar objects to neutron star
and black hole X-ray binaries (Livio 2000). While high ac-
cretion rate CVs are well known to have weakly collimated
disc winds (see Matthews et al. 2015 and references within),
highly collimated bipolar outflows and jets in accreting WD
systems have been harder to identify at optical wavelengths
2. Satellite emission features attributed to collimated jets
have been seen in a handful “supersoft”X-ray sources (SSSs)
(Crampton et al. 1996; Southwell et al. 1996; Becker et al.
1998). SSSs are thought to result from a high accretion rate
on to a WD leading to continuous or episodic hydrogen
burning at the surface. Searches for jets from classical CVs
have failed to find clear evidence of satellite emission fea-
tures (Hillwig et al. 2004). Additionally, Kafka & Honeycutt
(2004) have proposed that outflows in CVs might cause the
He I λ5876, 7063 triplets to preferentially show P Cyg com-
pared to other He I lines. One of the most striking features
of the FO Aqr low-state spectra are the blue and red shifted
Hα emission components with velocities between 600 km s−1
and 1000 km s−1(the left and right hand side plots of Fig-
ure 13). The features are also visible in the O-R panel of Fig-
ure 12. These high-velocity satellite features are not visible
in the bright state and and are not always clearly detected
in the low-state spectra. No P Cyg profiles are seen for He I
λ5876, 7063 (Kafka & Honeycutt 2004), although our spectra
do not always cover those two features.
The satellite emission features shown in Figure 13 are
similar to those seen in SSSs, which have been attributed to
collimated jets. Satellite emission features in both FO Aqr
2 Note that radio emission from dwarf novae CVs during out-
bursts may be produced by a transient jet (Ko¨rding et al. 2008;
Coppejans et al. 2016; Mooley et al. 2017).
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and SSSs are transient and episodic suggesting that the de-
gree of the jet collimation can vary over days or weeks. As
seen in Figure 14, the velocity of the satellite features (the
small bumps at high velocities in spectra taken during a low
state) in FO Aqr tends to roughly inversely correlate with
the system luminosity.
We estimate the equivalent width (EW) of the blue-
shifted satellite emission feature seen in 2016 July to be
−6 A˚. The EW of the red-shifted feature is larger by a factor
of two, although its exact value is strongly dependent on how
the main Hα emission is accounted for. The strengths of the
satellite features in FO Aqr are larger than those observed
in SSSs which, when detected, have EW between −1 A˚ and
−3 A˚ (Southwell et al. 1996; Becker et al. 1998).
For an orbital inclination of 65◦, as implied by the disc
eclipse, the full outflow velocity is more than double the
velocity implied by the observed emission line shifts. When
present, the satellite emission features show a slow velocity
variation of about 100 km s−1over the orbital period, or
about 10% of the velocity amplitude. This implies that the
outflow direction that is nearly perpendicular to the orbital
plane.
Knigge & Livio (1998) derive a scaling relation for the
detectability of satellite features produced by jets in accret-
ing WDs. They suggest that the equivalent width of jet emis-
sion features should scale with the mass accretion rate on
to the WD. We should, therefore, be less likely to see jet
features in low states of disc dominated CVs as fainter discs
suggest decreased mass transfer rates. This is in direct con-
flict with our results. However, there are several important
caveats to consider. The results of Knigge & Livio (1998)
assume the WD is accreting exclusively from a disc, with
the magnetic field of the WD assumed to lead to negligi-
ble accretion at the magnetic poles. The IP classification of
FO Aqr implies that its WD has a fairly strong magnetic
field, meaning a direct comparion with previous results is
difficult. Considering jets are mainly driven by a hydromag-
netic process (Livio 2000), then it may not be surprising
that FO Aqr is more likely to drive collimated outflows than
ordinary CVs.
In addition, Littlefield et al. (2019) have shown that
the WD in FO Aqr has recently switched from spinning-up
to spinning-down and that low-states appear correlated with
times when the WD spin rate is slowing. The WD spin-down
is a source of power equivalent to about a Solar luminosity,
yet the optical light from the system has declined from its
historical average. The spin-down of the WD may be the
additional energy source needed to drive collimated outflows
as suggested by Livio (2000).
As previously mentioned, the accretion discs in high ac-
cretion rate CVs are known to produce winds. While there
is evidence of a disc being present during the low states ob-
served in FO Aqr, we find this is unlikely to be the case here
for the following reason. During the normal high state, the
accretion disc is much larger and hotter than during the low
state. As such, the system should be more capable of pro-
ducing a disc wind in the high state than in the low state.
The lack of evidence for a disc wind during the system’s
usual high state suggests that a disc wind is not responsible
for the apparent outflow proposed during the low state.
The existence of the proposed outflow can be tested
Figure 14. The average Hα profile between orbital phases 0.2 and
0.3 for five epochs in 2016 and one in 2018. The highest velocities
of the emission wings are generally seen when the system is the
faintest. The line profile from the LBT spectrum obtained during
the recovery state is substantially different from low-state profiles.
with future optical and ultraviolet spectroscopy and radio
observations of FO Aqr during future low states.
4.4 Implications for the fate of the disc
Since observations of the first low state in FO Aqr, there
has been detailed discussion as to whether an accretion
disc is permanently present in the system, or whether it
disappeared during the deepest part of the low state and
was rebuilt as the system recovered (Littlefield et al. 2016;
Hameury & Lasota 2017; Littlefield et al. 2019). The current
consensus is that the accretion disc should have dissipated
during the low state.
The evolution of the central component of the Hα line is
consistent with this scenario. During the low state, the mo-
tion of the line centre is modulated predominantly at the or-
bital period and shows maximum blueshift near φorb = 0.6,
similar to the behaviour of the ballistic accretion stream in
polars. Although the velocity amplitude is lower than in po-
lars, this might be caused by the presence of multiple line
components (e.g., as in the discless IP V2400 Oph; Hellier
& Beardmore 2002), as well as dilution of the line wings by
the relatively strong continuum. Hameury & Lasota (2017)
also noted that during the low state, there may still be ma-
terial which is impacting the magnetosphere and sustaining
a structure within the orbital plane which resembles a tra-
ditional accretion disc. There is evidence for this structure
in both the spectrograms and the V/R plots of Hα and He i,
which show strong modulation at the spin period of the WD
during the low states. Since such a signal could only be com-
ing from coupling between the WDs magnetic field and an
accretion disc, we find it likely that a residual disc still ex-
isted in the system during the observations. This coupling
region also contributes to the He ii emission.
Based on power spectral analysis of optical photometry,
Littlefield et al. (2016) concluded that there was a direct in-
teraction between at least part of the accretion flow and the
WDs magnetosphere during the low state. Specifically, they
invoked the stream-overflow model, in which part of the bal-
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listic stream survives its initial collision with the disc and
remains on a ballistic trajectory until it strikes the magne-
tosphere. The phase dependant absorption in Hα and He i
support this theory as it is in phase with the expected ab-
sorption from overflowing gas at the impact region screening
parts of the accretion disc.
5 CONCLUSIONS
The spectra presented here paint a complicated picture for
the accretion structures within FO Aqr. We find evidence
for the existence of an accretion disc in each set of obser-
vations, and the absorption S-wave which has been seen in
previous studies persists across all our data, reaching maxi-
mum blue and red shifts at the same orbital phase regardless
of the systems brightness. There are also many differences
between the various observations, suggesting that the dom-
inant accretion mode varies on time scales of ∼ months.
In particular, we find that the following accretion
regimes were dominant between 2016-2018.
2016 Low State: The system was likely undergoing
“disc-overflow” accretion, and the accretion structures at
both poles were contributing to the periodicties seen in pho-
tometry and spectroscopy around this time. This is best
highlighted by the behaviour of the He ii line.
2016 Recovery State: The system was undergoing
“disc-fed” accretion, with little evidence for accretion due
to “disc-overflow”.
2017 Low State: The system returned to a “disc-
overflow” mode, with the disc again depleted enough such
that accretion structures feeding both poles were visible.
2018 Failed Low State: The system was undergoing
“disc-fed”accretion. The disc had dissipated slightly but was
not as depleted as it was during the 2016 and 2017 low states.
There are still many open questions in relation to FO
Aqr. Future high resolution spectroscopy during another low
state is highly encouraged to better explore the evolution of
the disc as it dissipates and reforms, alongside looking for
more convincing evidence of a transient outflow in the sys-
tem. More general currently unanswered questions also exist,
such as what is the mass of the WD, and what is the spectral
type of the companion? The answers to all of these questions
can be investigated by continued optical monitoring of FO
Aqr, and obtaining spectroscopy at opportune moments.
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APPENDIX A: FLUX AND EQUIVALENT
WIDTH MEASUREMENTS OF SPECTRAL
LINES
We measured the flux and equivalent width (EW) of vari-
ous emission lines from the average spectrum of each night.
These values are given in Table A1. While the flux of many
lines varied substantially between all observations taken dur-
ing July 2016, the EW were all in near agreement during
this low state, and the flux variations were due to poor and
variable weather conditions in July 2016. This table also
shows that the equivalent widths of the lines reached their
highest values during the low states. Additionally, the EW
values shown in Table A1 reveal that the Balmer decrement,
Hα:Hβ, was 1.4:1 during the low state. This is lower than
during the regular high state when the Balmer decrement
was closer to 1.8:1, suggesting a significant change in the
ionisation fraction in the low state.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Table A1. Flux and EW for various emission lines in the optical spectrum. The errors are significantly higher for the LBT data due to
clouds that severely affected many of the observations, and the values presented here are the mean of the values over the run, while the
errors are the standard deviation of the values. There are no EW values for He ii from 2017-09-17 and 2018-07-24 as the spectra only
covered Hα and He i. Missing flux values are marked with a -, whether it’s due to limited wavelength range or the lack of a flux standard
to calibrate the data.
Flux E.W.
Date Hα Hβ He i He ii Hα Hβ He i He ii
erg cm−2 s−1 erg cm−2 s−1 erg cm−2 s−1 erg cm−2 s−1 A˚ A˚ A˚ A˚
2016-07-10 (5.9±0.5)×10−13 (4.0±0.4)×10−13 (7.7±0.6)×10−14 (1.7±0.3)×10−13 230±30 110±10 34±5 39±4
2016-07-11 (2.3±0.5)×10−13 (1.5±0.5)×10−13 (3.1±0.7)×10−14 (0.7±0.2)×10−13 240±30 100±20 38±6 39±6
2016-07-16 (7.1±0.5)×10−13 (5.2±0.4)×10−13 - (2.3±0.4)×10−13 220±20 120±10 - 40±6
2016-07-26 (3.4±0.6)×10−13 (2.4±0.6)×10−13 (4.6±1.0)×10−14 (1.2±0.3)×10−13 200±20 90±10 28±4 40±5
2016-07-29 (1.9±0.7)×10−13 (1.1±0.6)×10−13 (2.1±0.9)×10−14 (0.5±0.2)×10−13 220±20 110±20 29±6 39±8
2016-08-10 - - - - 150±30 90±20 24±5 36±6
2016-10-31 (11±6)×10−13 (6±3)×10−13 (8±5)×10−14 (4±2)×10−13 80±14 25±4 6±1 14±2
2017-09-17 - - - - 170±20 - 20±3 -
2018-07-24 - - - - 150±30 - 15±4 -
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